Chick cells infected by chick embryo lethal orphan (CELO) virus (fowl adenovirus type 1) contained four prominent virus-specific, structurally related DNA-binding proteins with mol. wt. of 74K, 64K, 56K, 52K, and two minor forms. The CELO virus DNA-binding proteins were phosphorylated, delayed-early nuclear proteins. CELO virus early proteins were expressed in BHK cells, but did not complement human adenovirus type 5 mutants with lesions in E1A, E2A or E2B. Moreover, CELO virus DNA-binding proteins were not produced in 293 cells, which express human adenovirus E1 genes. These results suggest that activation of transcription by adenovirus E 1A genes involves specific interactions between the E 1A gene products and viral early promoters.
INTRODUCTION
The early proteins of avian adenovirus have been little studied. Yasue & Ishibashi (1977) reported eight chick embryo lethal orphan (CELO) virus-induced early polypeptides that could be detected in infected cells in the presence of cytosine arabinoside. Asch et al. (1979) and Ishibashi et al. (1980) described CELO virus tumour (T) antigens that reacted with sera from animals bearing CELO virus-induced tumours, and were also produced in infected cells in the presence of cytosine arabinoside. It is likely that CELO virus codes for one or more DNAbinding proteins (DBP), since CELO virus DNA replication shares general similarities with that of human adenovirus, and CELO virus DNA replication intermediates have extensive single-stranded regions (Bellett & Younghusband, 1972) . In this paper we describe the isolation and characterization of the CELO virus DBP, and complementation tests between CELO virus and some early mutants of human adenovirus type 5 (Ad5) in cells able to express early proteins of both viruses.
METHODS
Methods for growth, radioactive labelling, purification and titration of viruses, and for polyacrylamide gel electrophoresis (PAGE) have been described (Laver et al., 1971 ; Younghusband & Bellett, 1971 : Braithwaite et aL, 1983 Li et aL, 1984) .
Chromatography of DBP on ssDNA CM-cellulose. Confluent monolayers of chick embryo kidney (CEK) cells were mock-infected or infected with CELO virus at 30 infectious units (i.u.) per cell, and incubated in medium containing 40 ~tg/ml cytosine arabinoside. Cells were labelled with 15 ~tCi/ml [35S]methionine in Eagle's medium containing cytosine arabinoside and one-fifth of the normal methionine concentration, from 8 to 44 h after infection, harvested by scraping, and frozen and thawed three times in 10 mM-Tris-HC1 pH 7.5, 1 mM-EDTA, 0.5 mM-phenylmethylsulphonyl fluoride (PMSF). To the lysate, NaC1 and deoxycholate were added to final concentrations of 0-5 M and 0,5~ respectively. After 30 rain on ice, lysates were centrifuged in an Eppendorf centrifuge for 15 min at 4 °C, and the supernatants dialysed against 21 of 5 mM-Tris HCI pH 8-0, 0.2 mM-PMSF for 24 h.
Calf thymus DNA was denatured and covalently coupled to CM-cellulose according to the method of Potuzak & Wintersberger (1976) . A 2 ml colum of ssDNA-CM-cellulose was treated with buffer A (10 mM-Tris HCI pH 8.0, 1 mM-EDTA, 10 % glycerol. 9-5 mM-PMSF, 2 mM-dithiothreitol, 50 mM-NaC1) containing 100 gg/ml bovine serum albumin (BSA) for 10 h and then washed with buffer A containing 10 ~tg/ml BSA for 20 h at a flow rate of 2 ml/h.
The cell lysate was loaded onto the column, which was washed with buffer A containing 10 gg/ml BSA for 12 h at a flow rate of 2 ml/h, and 1.2 ml fractions were collected. The bound proteins were then eluted with a 48 ml 0.05 M to 1.3 M linear NaC1 concentration gradient in buffer A containing 10 ~tg/ml BSA. A portion of each fraction was spotted onto a filter paper disc and the acid-insoluble 35S radioactivity measured. The column was washed overnight with buffer A containing t0 pg/ml BSA before re-use. When DBP was to be used as an antigen in rabbits, rabbit serum was substituted for BSA in the buffers.
Peptide mapping.
[35S]Methionine-labelled bands were cut from polyacrylamide gels, digested with chymotrypsin, and the resulting peptides mapped as described (Li et al., , 1984 .
Serological methods. Preparation of 'P' antiserum was as described by Russell et al. (1967) . CELO virus DBP from about 108 infected cells was purified by chromatography on ssDNA-CM-cellulose and injected into rabbits in Freund's complete adjuvant. Rabbits received a second intravenous injection of DBP without adjuvant 8 weeks later, and were bled after a further 10 days. Methods for immunoprecipitation and immunoftuorescence have been described by Braithwaite et al. (1983) .
RESULTS

CELO virus-specific DNA-binding proteins
Chromatography of extracts of mock-infected and CELO virus-infected chick cells on ssDNA-CM-cellulose showed six peaks of [3SS]methionine-labelled proteins (a to f, Fig. 1 ). Peak b (eluted at 0.35 M-NaC1) contained most (at least ten) of the chick cell DNA-binding proteins, with molecular weights from 10K to 100K (Fig. 2) . Peaks c (0.45 M-NaC1) and d (0.55 M-NaC1) were higher in infected cells (Fig. 1) , and contained four virus-specific DBP (solid triangles in Fig. 2b ) of mol. wt. 74K, 64K, 56K and 52K.
An extract of 108 CELO virus-infected chick cells was chromatographed on ssDNA-CMcellulose, and material eluting between 0.45 M-NaC1 and 0.55 M-NaC1 was used to raise an antiserum in rabbits. The DBP antiserum precipitated from CELO virus-infected cells, proteins of mol. wt. 74K, 68K, 64K, 56K and 52K which were not present in uninfected cells (Fig. 3) . In some experiments a 40K protein was also precipitated. The DBP were first detected at about 9 h after infection, and were maximal at about 20 h, compared with 16 h and 24 h respectively for hexon proteins immunoprecipitated by antiserum to purified virions in the same experiment (Fig. 3 ).
Phosphorvlation and structural relatedness of the CELO virus DBP
When chick cells were incubated with 3-,p from 20 h to 26 h after infection by CELO virus, and cell extracts analysed either by chromatography on ssDNA CM-cellulose, or by immunoprecipitation using CELO virus DBP antiserum, followed by PAGE, the 74K, 56K and 52K CELO virus DBP were found to be phosphorylated (data not shown).
The four major forms of 3sS-labelled CELO virus DBP (74K, 64K, 56K and 52K) were cut from a gel, digested with chymotrypsin, and the peptides mapped. The DBP were clearly related, the only obvious difference being the absence of peptide 5 in the smallest (52K) form (Fig. 4) .
Lack of complementation between early proteins of CELO virus and human adenovirus
When stained with CELO virus DBP antiserum by the indirect fluorescent antibody method, the CELO virus DBP were located mainly in the nucleus of infected chick cells as granules. Similar, but weaker, fluorescence was seen in hamster (BHK) cells, but not in primary rat or mouse embryo cells or human HeLa cells. 293 cells are human adenovirus-transformed cells that contain and express Ad5 E 1 genes (Graham et al., 1977) one of which, E 1 A, is required to induce expression of human adenovirus DBP (Berk et al., 1979; . However, when 293 cells were infected by CELO virus, no synthesis of CELO DBP was detectable by immunofluorescence, suggesting that the E 1 gene products of Ad5 were unable to induce synthesis of CELO DBP in human cells. To investigate further the possible functional links between human and avian adenoviruses, the ability of CELO virus early gene products to complement mutant human adenovirus early functions in BHK cells was tested. Hamster BHK cells are permissive to subgroup C human adenoviruses, and allow synthesis of CELO virus DNA-binding proteins: they also produce CELO virus tumour-specific (T) antigens (Asch et al., 1979 : Ishibashi et al., 1980 . Confluent BHK cells were mock-infected or infected with CELO virus at 50 i.u./cell, or infected with Ad5 at 25 i.u./cell, or co-infected with 50 i.u./cell of CELO virus and 25 i.u./cell of one of the following Ad5 early mutants: dl312, a deletion mutant that lacks the promoter and most of the coding sequence of the E 1A region ; d1314, a deletion mutant that lacks most of the 3' exon of E1A ; ts36, a temperature-sensitive mutant which carries lesion(s) in gene N in the E2B region of the Ad5 genome that encodes the 140K viral DNA polymerase (Williams et al., 1974; Galos et al., 1979 : Stillman et al., 1982 : and ts125, a temperature-sensitive mutant which carries a mutation in the gene coding for the 72K DBP (van der Vliet et al., 1975) .
After virus infection, the ts group samples were incubated at the non-permissive temperature (39.5 °C) and labelled with [35S]methionine from 8 to 48 h after infection. The dl group samples [35S]Methionine-containing peptide maps of the CELO virus DBP. Bands corresponding to the four CELO virus DBP (74K, 64K, 56K and 52K) were cut from a gel, and chymotryptic maps prepared as described previously (Li et aL, , 1984 . The central inset is a schematic drawing of the main peptides shared by the four CELO virus DBP. Arrow indicates one peptide (no. 5) missing in the 52K protein• Dots indicate spots due to contamination during the 2 week exposure necessary for the least abundant species (64K).
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were incubated at 37 °C and labelled with [35S]methionine from 8 to 52 h after infection. Cell extracts were immunoprecipitated and analysed by PAGE. The results are shown in Fig. 5 .
In the dl group samples, the expression of the Ad5 72K DBP (arrow in Fig. 5a ) was used to monitor the E 1A regulatory function; neither d1312 nor d1314 (lanes 5 and 6, Fig. 5 a) expressed the 72K DBP at a multiplicity of 25 i.u./cell, due to the lack of E1A function. Co-infection by CELO virus (lanes 7 and 8) did not complement this defect. In the ts group samples (Fig. 5b) the expression of Ad5 hexon (arrow in Fig. 5b ) was used to monitor the synthesis of late protein, which occurs only after viral D N A replication, ts36 (lane 5) and ts125 (lane 6) failed to synthesize late protein at the nonpermissive temperature due to a block in viral D N A replication caused by a defect in the virus-coded 140K D N A polymerase in ts36, and by a defect in the 72K DNA-binding protein in ts125 infection. Co-infection by CELO virus (lanes 7 and 8 in Fig. 5b ) again did not complement the mutant defects.
The CELO virus 74K, 68K and 56K DNA-binding proteins were expressed in BHK cells (dots in lane 4 of Fig. 5a, b) , The 56K CELO virus DNA-binding protein was also precipitated by 'P" antiserum from BHK cells co-infected with CELO virus and Ad5 ts mutants at 39.5 °C (dots in lanes 7 and 8 of Fig. 5 b) , but not from cells infected with CELO virus alone (lane 3). (Russell et al., 1967) precipitates 72K DBP (DBP, arrow in a) hexon (Hex, arrow in b) and some other proteins of human Ad5 (Braithwaite et al., 1983) .
DISCUSSION
Likc human adcnoviruses, thc avian adcnovirus CELO virus induces thc synthesis of several related, phosphorylated, nuclcar, dclayed-early proteins that bind to single-stranded DNA. Each form of the CELO virus DBP followed a slightly different time course of synthesis. As yet thcrc is no direct evidence that the virus-specific DBP are virus-coded, but their overall similarity to the human adenovirus DBP suggests a viral origin.
BHK cells werc found to express CELO virus DNA-binding proteins, and hamster cells also cxpress CELO virus T antigens (Asch et aL, 1979; Ishibashi et aL, 1980) , but co-infection of BHK cells with CELO virus and Ad5 early gene mutants suggested that there was no complementation by CELO virus early proteins of Ad5 early functions carried out by Ad5 E 1A proteins, Ad5-encoded 140K DNA polymerase or Ad5 72K DNA-binding protein. Our data do not exclude complementation in the other direction; however, this seems unlikely due to the failure of CELO virus to produce DNA-binding protein in 293 cells.
The defective DNA polymerase in is36 of Ad5 (group C) is complemented in human cells by Adl2 (group A), but not by Ad3 (group B) (McDonough & Rekosh, 1982) . Neither Ad12 nor Ad3 complement the defective DBP in Ad5 tsl25. It is therefore not surprising that the defects cannot be complemented by a very distantly related avian adenovirus, although one of the regions of sequence homology between CELO virus and Ad2 (a close relative of Ad5 in group C) is in the DNA polymerase (Alestr6m et al., 1982) .
It has been reported that an alpha gene of a herpesvirus (pseudorabies virus) can complement the E1A regulatory defect of Ad5 d1312 in HeLa cells (Feldman et al., 1982) . This was interpreted as favouring an indirect model for E1A action, involving inactivation of a cellular repressor rather than direct activation following recognition of regulatory sequences or structures near the adenovirus promoters. However, using the same test for E1A function (synthesis of the 72K DBP) we were unable to detect complementation of the mutations in dl312 or d1314 in BHK cells by an avian adenovirus (CELO virus). This is not because CELO virus is unable to inactivate the hypothetical repressor in BHK cells, for it induces the synthesis of its own DBP in these cells. Our results therefore suggest that activation of transcription by E1A does involve specific interactions between the E 1A product and the viral early promoters. This is consistent with evidence that sequences 5' to the transcriptional start sites of adenovirus early genes confer regulation by E1A when fused to foreign genes (Weeks & Jones, 1983) . Pseudorabies virus may complement Ad5 d1312 because herpesviruses have a similar activator of transcription, possibly derived from the same ancestral cellular gene, c-myc (Ralston & Bishop, 1983; Spector & Vacquier, 1983) . The E 1A genes of human and avian adenoviruses, on this hypothesis, have diverged so much that they no longer recognize each other's target promoters.
